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Transport of sulfur dioxide from the Asian Pacific 
Rim to the North Pacific troposphere 
Donald C. Thornton, Alan R. Bandy, and Byron W. Blomquist 1
Department of Chemistry, Drexel University, Philadelphia, Pennsylvania 
Robert W. Talbot and Jack E. Dibb 
Institute for the Study of Earth, Oceans, and Space, University of New Hampshire, Durham 
Abstract. The NASA Pacific Exploratory Mission over the Western Pacific Ocean (PEM-West 
B) field experiment provided an opportunity to study sulfur dioxide (SO2) in the troposphere over 
the western Pacific Ocean from the tropics to 60øN during February-March 1993. The large suite 
of chemical and physical measurements yielded a complex matrix in which to understand the 
distribution of sulfur dioxide over the western Pacific region. In contrast to the late summer 
period of Pacific Exploratory Mission-West A (PEM-West A) (1991) over this same area, SO2 
showed little increase with altitude, and concentrations were much lower in the free troposphere 
than during the PEM-West B period. Volcanic impacts on the upper troposphere were again 
found as a result of deep convection in the tropics. Extensive emission of SO2 from the Pacific 
Rim land masses were primarily observed in the lower well-mixed part of the boundary layer but 
also in the upper part of the boundary layer. Analyses of the SO2 data with aerosol sulfate, 
beryllium-7, and lead-210 indicated that SO2 contributed to half or more of the observed total 
oxidized sulfur (SO2 plus aerosol sulfate) in free tropospheric air. The combined ata set suggests 
that SO2 above 8.5 km is transported from the surface but with aerosol sulfate being removed 
more effectively than SO2. Cloud processing and rain appeared to be responsible for lower SO2 
levels between 3 and 8.5 km than above or below this region. 
Introduction 
The NASA Pacific Exploratory Mission-West (PEM-West) 
program was designed to study the impact of anthropogenic activ- 
ity on the western Pacific Ocean from ozone, ozone precursors, 
nitrogen oxides, and oxidized sulfur. During the phase A field 
experiment in September-October 1991, sulfur dioxide (SO2) was 
found extensively throughout he western Pacific [Thornton et al., 
1996]. In addition to long range transport of anthropogenic SO2 
from Asia, the Mount Pinatubo eruptions during June 1991 caused a 
major perturbation of the Pacific troposphere and stratosphere with 
respect to sulfur dioxide. The effects of the Pinatubo volcano were 
observed in the midlatitude and high-latitude regions but not in the 
tropical troposphere. During the late summer of 1991, typhoons 
were also found to be significant in distributing SO 2 in the upper 
troposphere of the western Pacific [Newell et al., 1996]. 
The phase B field experiment of PEM-West was designed to 
study this same region during the late winter when transport from 
the Asian continent would be climatologically favored compared to 
the autumnal equinox period [Hoell et al., this issue]. During the 
intervening period between these programs no cataclysmic erup- 
tions of volcanos have occurred in the study region. Like the earlier 
period this phase also studied the southwestern tropical Pacific to 
compare that region with the Pacific nearer to the continent. While 
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typhoons were absent during PEM-West B, deep tropical convec- 
tion was encountered near New Britain and New Guinea. 
Experiment 
The SO 2 measurements were made by gas chromatography 
-mass spectrometry using a highly purified •SO2 internal standard 
with cryogenic sample collection and immediate analysis in flight. 
The details of gas chromatography-mass spectrometry system with 
addition of an isotopically labeled internal standard have been 
described recently [Bandy et al., 1992, 1993]. In short, the technique 
involves adding an isotopically labeled sulfur gas (e.g., •4SO2) to the 
air sampling inlet as the air is drawn into the aircraft. During 
PEM-West B usually two samples were obtained simultaneously 
from the same inlet manifold for the determination of SO 2 and 
dimethyl sulfide (DMS). The sampling time was typically 4 min 
with a turnaround time of 5-6 min controlled by the chromatogra- 
phy. Each sample was enriched cryogenically with liquid argon and 
then injected onto its own column. The effluents of the columns 
were then switched to the mass spectrometer in a timed sequence to 
obtain a determination of each ambient sulfur analyte along with the 
corresponding enriched isotopomer. 
The concentration of the SO2 in the ambient air was determined 
relative to the internal standard after correcting for the isotopic dis- 
tribution of the ambient isotopomers. The cylinder containing the 
isotopically labeled SO2 was prepared by Scott-Marrin Inc. (River- 
side, California) from SO2 containing 99.99 mol % 34S supplied by 
Icon Services (Mount Marion, New York). The working calibration 
cylinder had a concentration of 214 parts per billion by volume 
(ppbv), whose concentration was determined by comparison to 
three permeation tubes maintained in our laboratory. 
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Because the standard cylinder contained no detectable 32SO2, we 
could easily check for contamination of the sampling manifold by 
adding ultrapure air (Scott-Martin Inc., Riverside, Califomia) and 
•SO2 to the inlet so that ambient air was excluded [Bandy et al., 
1992, 1993]. Using our isotopically labeled standard, we found that 
the pump we used during this field program was generating SO2 at a 
few parts per trillion by volume (pptv) depending on the operating 
conditions of the pump. The source of the SO2 was determined to be 
the residual sulfur in the stainless teel alloy used for the metal bel- 
lows. A correction was made to the data based on the ultrapure air 
measurements after establishing that there were no leaks or other 
sources of SO2 in the system. 
The aerosol sulfate data were obtained by using large air volume 
samples with Teflon ffiter collection of the aerosols with analysis by 
ion chromatography [Talbot eta/., 1992]. The radionuclides were 
determined as described by Dibb et al. [ 1996]. 
The set of chemical and physical measurements made aboard the 
DC-8 is given in the overview paper describing the PEM-West B 

















West project was used to develop the correlations and supporting 
information given below. 
Results and Discussion 
Sulfur dioxide distribution and concentrations for PEM-West B 
were in marked contrast o the phase A period. The maximum SO2 
levels were encountered in the lowest, well-mixed part (<600 m) of 
the boundary layer near Taiwan as in the earlier program, but SO2 
concentrations >0.5 ppbv were as common just above the boundary 
layer top, typically up to 4 km (Figures lb and lc). Transport in the 
upper part of the boundary layer at times extended more than 1000 
km from land. At the other extreme, SO2 levels were often <20 pptv 
and generally less than 50 pptv in the western tropical Pacific tro- 
posphere despite indications of long-range transport of recent 
combustion products from Asia. Dimethyl sulfide did not appear to 
be a major source of SO2 primarily due to generally low source 
strengths and in part due to the winter season for the midlatitudes 
[Thornton eta/., this issue]. The smoking volcanos of the New 
Britain and New Guinea region were substantial SO2 sources in the 
equatorial region [Thornton eta/., this issue], but long range trans- 
port from the west appeared to be a significant source for SO2 
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Figure 1. (a) SO2 sample locations during PEM-West B and distribution ofSO2 with latitude and pressure altitude for 
(b) west of 125øE, (c) east of 125øE and north of 25øN, and (d) south of 125øE and north of 25øN. Solid circles are for 
pressure altitudes <600 m. 
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The analyses ofthe PEM-West B SO2 data included here consist 
of three major parts. First, the distribution of SO2 in the western 
Pacific troposphere is discussed in detail to illustrate the extent o 
which transport from the Asian land masses affected the western 
Pacific troposphere. The SO 2 data were combined with the aerosol 
non-sea-salt sulfate data to assess the oxidized sulfur balance in the 
gas phase of the western Pacific troposphere. The second part was a 
study of the altitude dependence and regional variations of SO 2 
relative to the acetylene (C2H2) to carbon monoxide (CO) ratio. Use 
of these two tracers has proven to be very effective in estimating 
photochemical destruction relative to atmospheric processing 
resulting from transport and dilution [Smyth et al., 1996; McKeen et 
a/., 1996]. Third, the oxidized sulfur values were filtered by altitude 
and combined with the radionuclide aerosol tracers beryllium-7 
(?Be) and lead-210 (2•øpb). As aerosol tracers, 7Be and 2•øpb are 
complementary in assessing the sources of sulfur in the troposphere 
because the former has its source in the stratosphere and the latter is 
derived from surface emissions of radon-222 (222Rn). 
Distribution of SO2 
The most obvious difference in the SO2 spatial distribution for 
PEM-West B compared to PEM-West A was the much lower con- 
centrations of SO2 above 4 km (Figure 1). During PEM-West A, 
SO2 increased with altitude under the influence of the Mount Pina- 
tubo eruptions for the middle and high latitudes and from convec- 
tive transport from typhoons for the region from southern Japan to 
the tropics [Thornton etaI., 1996]. The tropical western Pacific 
above 8 km in 1991 was also impacted by long-range transport of 
SO2 from east Asia. In contrast to the earlier period, during 
PEM-West B, SO 2 was <60 pptv above 4 km (Figure 1) with few 
exceptions resulting from convective transport between 3-5.5 km 
near the continent and tropical deep convection to 9-12 km near 
New Britain. During both phases of PEM-West, low altitude (<1 
km) transport ofSO2 from the western Pacific Rim land masses was 
significant, reaching 30 ppbv east of Taiwan during phase B. 
Tropical region. The western tropical Pacific (east of 130øE 
and south of 23øN) during PEM-West B had lower SO2 levels 
compared to the phase Aprogram with concentrations typically <50 
pptv (Figure ld). These low concentrations are urprising consider- 
ing the frequent indications of long range transport based on other 
anthropogenic trace gases. Air mass back trajectories and chemical 
analyses most often indicated continental sources with <2 days 
transit ime [Talbot etaI., this issue]. Dimethyl sulfide levels were 
less than 30 pptv except in coastal waters near New Britain where 
concentrations ranged from 23 to 73 pptv (near 1100 LT). Conse- 
quently, DMS did not appear to be a significant source of the SO2 in 
this region [Thornton etal., this issue]. 
The primary sources of SO2 in the tropical region appeared to be 
long-range transport from the Asian land masses and equatorial 
volcanoes. The numerous moking volcanoes on New Britain and 
eastern New Guinea were the source of the SO2 >100 pptv 
observed in the well mixed part (<600 m) of the boundary layer and 
above 9 km (Figure l d) (for details, see Thornton etaI., [this 
issue]). Long-range transport from Asia appeared to be the domi- 
nant source of SO2 for this region as evidenced by the high 
C2H2/CO. The low SO2 concentrations are apparently the result of 
removal processes that do not affect other insoluble or sparingly 
soluble anthropogenic tracers within the relatively short (2-3 day) 
transit unes to this region from the sources. Dimethyl sulfide did 
appear to be a significant source of SO2 for flight 9 at all altitudes 
along 145øE to the equator and for flight 10 east of 120øE at 9.5 km 
[Thornton etal., this issue]. For these two flight periods the track 
was above clouds and the back trajectories were predominantly 
from the east. 
The vertical distribution of SO2 in the tropics appeared to 
decrease to <25 pptv between 4 and 8 km compared to altitudes <3 
km and above 8 km (Figure 2). We attribute this decrease in SO2 in 
the lower free troposphere in part to cloud processing associated 
with convection and in part from a change in the mean air flow in 
the lower troposphere from the west to a regime of marine air from 
the east around an anticyclonic enter near 15øN 165øE [Merrill et 
al., this issue]. At latitudes south of 10øN the mean 500 hPa flow 
was predominately easterly, while at 20øN the mean flow was still 
from the west. Between 15øN and 25øN the mean wind velocity at 
500 hPa was about 15 m/s which would place the region around 
about 3 days from Southeast Asia. South of 15øN the local DMS 
sources of SO2 were weak, and the volcanic sources probably were 
diluted by the cleaner air from the east. No trend in SO2 with the 
longer-lived combustion tracers could be discerned in this region 
(Figure 1 lb; see discussion below). 
Transport of SO2 into the tropical region can be clearly seen by 
juxtaposing flight 14 south from Japan and flight 8 north from 
Guam. Transport from Japan along 139øE as far south as 26.5øN 
(Figure 3) provided SO2 concentrations exceeding 100 pptv at a 
pressure altitude of 600 m with the wind from the north. However, 
near Japan a polluted layer between 1.5 and 2 km (just above the top 
of the boundary layer) with 3.5 ppbv SO2 indicated that much of the 
SO2 was transported out over the ocean above the boundary layer 
top with westerly winds. Enhancements in carbon monoxide, 
methane, and acetylene were also observed in this layer. Above this 
polluted layer, SO2 concentrations had decreased to 40-130 pptv 
(Figure 3) with concentrations less than 30 pptv in the middle tro- 
posphere. 
The residual effect of long-range transport of SO2 is seen from 
flight 8 north from Guam along 144øN (Figure 4). Concentrations 
of near 100 pptv were found at 600 m between 26øN and 29øN 
under the influence of north winds (compare to the same latitude in 
Figure 3). Above the boundary layer top at 2.8 km where the winds 
were from the west, SO2 concentrations ranged from 50-100 pptv 
similar to that seen on flight 14 (Figure 3) but nearly twice as high 
near 10 km. This can be contrasted to the southern portion of this 
flight (near 17øN) where the back trajectories indicated a marine 
source of the air and SO2 levels were typical of central and equato- 
l0 
SO2 (pptv) 
Figure 2. Vertical distribution of sulfur dioxide for the tropical 
ocean region east of 130øE and south of 23øN. 
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Figure 3. Flight track for flight 14 south from Japan along 139øE with the sulfur dioxide concentrations i dicated. 
rial Pacific [Maroulis et al., 1980; Thornton and Bandy, 1993; 
Thornton et al., 1996]. While flights 8 and 14 were separated 2 
weeks in time and 6 ø of longitude, it indicated that transport of SO2 
from the continental sources into the tropical western Pacific was 
frequently occurring. 
Continental Rim. Along the western Pacific Rim the transport 
of SO2 over the ocean from the land masses dominated the SO2 dis- 
tribution below 4 km (Figure 5). The highest concentrations (>10 
ppbv) were found near Taiwan at 600 m in the well-mixed layer. 
Sulfur dioxide concentrations exceeding 0.5 ppbv were found just 
above the upper part of the boundary layer (1.5-2.5 kin) over the 
South China Sea (Figure 6), the Sea of Japan (Figure 7), and the 
Pacific east of Japan (Figure 8). Often these higher concentrations 
were related to frontal activity which provided uplift from the sur- 
face. In some cases the transport of SO2 at 1-3 km extended over 
1500 km from the western rim countries (e.g., see Figure 8 near 
160øE). 
Near the continent here was also a decrease in the SO2 concen- 
trations between 4 and 8 km (Figure 5a), although it was less clear 
than for the tropical region due to the greater variation of $02 and 
the lack of a significant source of SO2 above 8.5 kin. The trend is 
more apparent when the individual constant altitude flight legs are 
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Figure 4. Flight track for Ilight 8 north from Guam along 145øE with the sulfur dioxide concentrations i dicated. 
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Figure 5. Vertical distribution of sulfur dioxide for the near .continent r gions: (a) 'mdividua! measurements a d (b) 
averages for each level flight leg. 
averaged (Figure 5b). Averaging the SO2 shows that specific flight 
legs intercepted fresh pollution transport episodes and contributed 
most of the variation in the data between 4 and 8 kin. Again, we 
think that the reduction of SO2 in the 4-8 km range is the result of 
processing in clouds during transport through the lower troposphere. 
Above 8 km along the western Pacific Rim there was little 
stratospheric influence for SO2 during PEM-West B. Flight 17 over 
the Sea of Japan (above 10 km in Figure 7) was clearly in deep 
stratospheric a rbased on the ozone (220-300 ppbv) and 7Be data 
(5618 fCi/m3), but the SO2 maximum was only 73 pptv with an 
average of 55 pptv. Sulfur dioxide concentrations were 17-24% of 
the combined SO2 and aerosol sulfate concentrations (SO0 of 
223-322 pptv 'm this stratospheric encounter. In the stratospheric • 
d,aring PEM-West A, SO2 was 40-45% of the 0.5 ppbv SO• east of 
the Kamchatl• Peninsula, and over the Gulf of Alaska, SO• was 1 
ppbv with about 60% SO2. 
The low stratospheric SO2 concentrations in the western Pacific 
were in marked contrast to the eastern Pacific Rim 6 weeks earlier 
during test flights at Ames Research Center. Along the northwest 
California coast near 39øN, SO2 was 2-3 ppbv in deep stratospheric 
air at 12.8 km. We think that this difference is the result of where 
the stratospheric airwas intercepted relative to the polar jet and the 
location of the active volcanoes along the northwestern ring of fire 
around the Pacific. The high SO2 levels found in the stratospheric 
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Figure 6. Flight profile for flight 11 south from Hong Kong along 117øE with the sulfur dioxide concentrations indi- 
cated for each sample. The fraction of the total oxidized sulfur that is SO2 is given in percent. 
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Figure 7. Flight profile for flight 17 over the Sea of Japan with the 
sulfur dioxide concentrations indicated. 
8 
air in the northeastern Pacific are probably the result of the Mount 
Bezymiany eruptions in October-November 1993 which reached 15 
km [Venzke et el., 1993]. The tendency for the tropopause to 
descend to <10 km along the California coast during the winter 
[Danielson et el., 1987] provided the opportunity to sample deep 
stratospheric air that had been impacted by the Bezymiany erup- 
tions. The SO2 injected by the volcano may have been localized and 
circulating in the lower stratosphere and not intercepted uring the 
western Pacific sampling period. 
$02 compared to sulfate. The conversion of SO2 into aerosol 
sulfate has been recognized as having an indirect effect on climate 
by modifying the scattering properties of clouds through changes in 
droplet size, mass, index of refraction, and number density. To 
assess the balance between the two primary oxidized sulfur species 
(SO2 and aerosol sulfate) outside of cloud droplets, we compared 
the SO2 concentration to the sum of SO2 and aerosol non-sea-salt 
sulfate, and this sum is referred to here as SOx. This sum was 
obtained by averaging the SO2 data coincident with the period of 
each sulfate measurement. The ratio of SO2/SOx was evaluated 
with respect o three regions: tropical, flights 6-10 east of 125øE and 
10 
0 
139 144 149 154 159 164 
Longitude 
Figure 8. Flight profile for flight 16 east from Japan near 30øN with 
the sulfur dioxide concentrations indicated. 
south of 25øN; subtropical, flights 10-13 west of 120øE; midlatitude, 
flights 13-18 north of 25øN and between 125øE and 165øE. 
The vertical distribution of SO• (Figure 9a) not surprisingly was 
similar to that of SO: (Figures 2 and 5) with somewhat higher val- 
ues above 8 km from the sulfate contribution. As the SO• 
concentration decreased or increased from about 100 pptv, the 
SO:/SO• increased (Figure 9b). The SO2/SO• ratio as a function of 
SO• concentration and region was significantly different for the 
midlatitude group compared to the tropical group, while the sub- 
tropical group appeared to follow the midlatitude group for high 
SOx concentrations and the tropical group for low SO•. The varia- 
tion of the SO:/SO• with altitude further illustrates the difference in 
region. For the tropical and subtropical regions, SO:/SO• increased 
with altitude (Figure 10a) where the subtropical data with SO:/SO• 
<0.4 are the high SO• values that were observed at low altitude near 
Taiwan and west of Palawan, The Philipines. For the variation of 
SOx with altitude the tropical and subtropical groups appear to form 
a consistent group that had an intercept on the SO• axis greater than 
that of the midlatitude group (Figure 9b). 
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Figure 9. (a) Vertical distribution of total oxidized sulfur SO• and 
(b) the fraction of SO• as SO2 as a function of SO• concentration. 
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The midlatitude region had the opposite trend with altitude 
compared to the tropical and subtropical regions. For the midlati- 
tude region the vertical transport of SOx to 2-4 km occurred with 
about the same proportion of SO2/SOx as for the 600 m level (Fig- 
ure 10b). This similarity reflects the faster transport from east Asian 
sources in the midlatitudes compared to the region south of 25øN 
[Merrill et al., this issue]. Above 8 krn the midlatitude SO2/SO• 
dropped to <30% for most of the data unlike the subtropical group 
which had the highest SO• concentrations and lowest SO2/SO• val- 
ues below 4 kin. 
For the midlatitude data this can be explained by considering that 
during PEM-West B, high speed west winds were often encoun- 
tered, and recently polluted air masses were quickly transported 
over the ocean before large fractions of the SO2 was lost to the 
ocean surface or converted to sulfate. From the low SO2/SO• above 
8 km there appeared to be a source of sulfate at high altitude that 
was unrelated to the east Asian surface source for the midlatitudes. 
One possible source is return of sulfate aerosol from the strato- 
sphere which appeared to be depleted in SO2 relative to sulfate for 
the Asian region during PEM-West B (see above discussion). A 
second alternative is that SO2 could have been transported from 
western Asia above 8 km and was transformed into sulfate during 
the transport ime. The majority of the back trajectories above 8 km 
for the Japan-based flights lead to western Asia with 3-5 day transit 
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Figure 10. Fraction of oxidized sulfur that is SO2 as a function of 
altitude: (a) tropical and subtropical regions south of 25øN and (b) 
midlatitude regions north of 25øN. 
volcanic and had been at altitude for a much longer time so that SO2 
was converted to sulfate. 
The low SO2/SOx values below 4 km for the subtropical region 
indicate that more conversion of SO2 to sulfate had occurred by the 
time the air mass was intercepted. In this region, OH levels would 
have been higher than in the midlatitudes during winter, and con- 
sequently, greater SO2 conversion rates would have existed. Also, 
the air masses reaching the region south of 25øN had some long- 
range components from southeastern Asia as well as India [Merrill 
et al., this issue] with more time available for processing before 
being sampled. 
The SO• concentrations <80 pptv for the tropical and subtropical 
regions above 4 km had sources farther west than the east Asian 
region and more influence from equatorial and southern hemi- 
sphere marine regions with low SO 2 concentrations [Merrill et al., 
this issue]. It appeared that the SO• at high altitude for the sub- 
tropical region was unrelated to the higher concentrations near the 
surface offshore of the land masses. The lower SO2/SO• values 
above 4 km could be explained by sulfate aerosols being more effi- 
ciently removed by cloud processing than was SO2 because the 
aerosols would be more easily incorporated into cloud droplets than 
gases (see radionuclide discussion below). 
Comparison with Anthropogenic Combustion Tracers 
While widespread indications of anthropogenic influence (espe- 
cially acetylene and carbon monoxide) on the westem Pacific 
troposphere were clear, SO2 levels were particularly low in the free 
troposphere lative to the longer-lived trace gas species. Compari- 
son of SO 2 to the C2H2/CO ratio showed that removal of SO2 was 
primarily influenced by processes other than dilution and homoge- 
neous chemistry. Given the high levels of SO2 observed below 3 
km, dry deposition, cloud processing, rainout, and washout must 
have been very effective in removing SO2 and sulfate while trans- 
porting sparingly soluble species to the free troposphere. 
The SO2 data were paired with the acetylene and CO data which 
were averaged over the sample period for the SO2 measurement 
before computing the C2H2/CO ratio. These SO2 - C2H2/CO pairs 
were then segregated into altitude and region as described above. 
For altitudes <3 km, only a portion of the subtropical data decreased 
as the C2H2/CO ratio decreased (Figure 1 l a). The tropical data had 
reached a background level of 20-40 pptv even for C2I-I2/CO ratios 
>1, which indicated a combustion source within 2 days. The large 
range of SO2 values (30-30000 pptv) with C2I-I2/CO values between 
2 and 4 indicated that rapid removal of SO2 in the boundary layer 
occurred. Given that the highest SO2 concentrations occurred in the 
well-mixed layer (<600 m), dry deposition to the ocean surface was 
probably a significant loss mechanism for SO 2. 
In the middle troposphere (3-8.5 km), only the midlatitude data 
showed any indication of slower loss for SO2 (Figure 1 lb). Again, 
all of the tropical data and nearly all of the subtropical data were 
near background levels (<40 pptv) over a wide range of C2H2/CO 
ratios. Of the midlatitude data >100 pptv only two points (from 
flight 17; Figure 7 at 6 km) were above 5.5 km. With a range of 
100-1000 pptv of SO2 for a narrow range of 2 to 3 for C2H2/CO 
indicated that rapid removal of SO2 was also occurring in the lower 
free troposphere (3-5.5 km) in the region where the SO2 surface 
source strength was large. Some of the decrease in SO2 in this 
region may have been from dilution which would not be as apparent 
from the C2H2/CO. Because of the widespread elevated levels of 
C2H2 and CO, which are only slowly removed from the tropo- 
sphere, it becomes difficult to dilute a given air parcel in this 
anthropogenically impacted region. For SO2, dilution may still play 
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Figure 11. Sulfur dioxide compared to the ratio of acetylene to carbon monoxide as a combustion i dicator: (a) altitude 
<3 km, (b) altitudes of 3-8.5 km, and (c) altitudes >8.5 km. 
a significant role because the SO2 lifetime is relatively short and air 
outside of a pollution plume with low SO9 could be mixed with air 
of much higher SO2 concentration. 
For the upper troposphere, SO2 was near background levels for 
all regions over the range of 0.4 to 4 C•H•/CO ratios. At low 
C•H2/CO ratios (<0.3) the air mass was relatively photochemically 
old and extensively processed by dynamics. The volcanic sources of 
SO2 were clearly associated with low acetylene (Figure 1 l c). The 
New Britain volcanoes contributed all the data above 80 pptv in 
Figure 1 l c. The <30 pptv levels of SO• for the tropical and sub- 
tropical regions were probably related to the cross equatorial flow at 
high altitude during the PEM-West B period [Merrill et al., this 
issue]. These air masses were outflow of the monsoon over northern 
Australia. The lower SO2 concentrations at high-altitude south of 23 
N were typical of southern hemisphere air masses [Thornton et al., 
1993; unpublished PEM Tropics data]. 
For the midlatitude region when C•H•/CO was high in the upper 
troposphere SO• was reduced to background levels. If convection 
over the combustion sources on land has produced the high 
C•H2/CO, it is likely that SO2 has been removed by cloud process- 
ing. However, the very high wind speeds above 8.5 km [Merrill et 
aL, this issue] made it likely that the high-altitude air masses may 
be more related to the Eurasian border than east Asia. The strato- 
spheric SO2 observed uring flight 17 over the Sea of Japan was 
about 50% greater than the apparent background levels of 30-40 
pptv above 8.5 km during PEM-West B. 
THORNTON ET AL.: TRANSPORT OF SULFUR DIOXIDE FROM ASIA 28,497 
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Figure 11. (continued) 
lO 
Radionuclides as Oxidized Sulfur Tracers 
The radionuclide data for beryllium-7 (*Be) and lead-210 (2tøpb) 
are generally associated with submicron sulfate aerosol [Moore et 
a/., 1980; Sanak eta/., 1981 ]. These radionuclides provide comple- 
mentary tracers with *Be having its source in the stratosphere via 
spallation and 21øpb as an end product of the decay of 222Rn, whose 
flux from the Earth's land masses is about 2 orders of magnitude 
greater from than the oceans [Balkanski et al., 1993]. The use of 
21øpb as a tracer for aerosol sulfate from the surface is not com- 
pletely rigorous since transport of insoluble 222Rn by deep 
convection [Kritz et al., 1993] can occur which would skew the 
correlation of sulfate and 21øpb. 
The radionuclide data were segregated by altitude, and the dis- 
tribution of the samples with respect o the fraction SO2/SOx was 
determined (Figures 12 and 13). If there was a significant amount of 
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Figure 12. Fraction of oxidized sulfur that is SO2 as a function of 
*Be concentration and altitude. 
with *Be. The flight legs in the stratosphere for PEM-West B 
encountered relatively low SO 2 and SO x levels (<325 pptv), which 
was 2-4 times lower than during PEM-West A for comparable *Be 
levels. In the stratosphere over the Sea of Japan, ?Be was over 2000 
fCi/m 3 and corresponded to ozone levels over 200 ppbv. For those 
stratospheric samples SO2 ranged from 46 -73 pptv and contributed 
<25% of the SOx compared to the SO2/SO• of 40-60% during 
PEM-West A. In the instances where the upper troposphere was 
significantly influenced by stratospheric air (800 <*Be <2000 
fCi/m3), SO2 was half or more of SO• only when SOx was <100 
pptv. On the basis of these data it appeared that the stratosphere 
may have been a source of sulfate for the upper troposphere. Dibb et 
a/. [this issue] estimated from the 7Be that approximately 50% of 
the air near 11 km may have been from the stratosphere between 15 
and 20 km. 
Other than in the stratosphere or in upper tropospheric air 
strongly influenced by stratospheric air (7Be <800 fCi/m3), SO 2 
< 3 km 3- 8.5 km > 8.5 km 
n:3 6 12 13 10 19 4 5 22 26 5 
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Figure 13. Fraction of oxidized sulfur that is SO2 as a function of 
2•øpb concentration and altitude. 
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contributed to more than half of the SOx above 8.5 km (Figure 12). 
The tropical and subtropical region with low 2•øpb and 7Be 
accounted for the bulk of the cases when SO 2 dominated SOx. 
Because 2•øpb and 7Be are associated with the submicron aerosols, 
removal of the aerosols during convective cloud transport is the 
probable cause for the SO2/SO• >0.5. Similarly, for the middle tro- 
posphere (3-8.5 km), SO2 provided more than half of the SO• for 
>50% of the samples over all values of 7Be and 2•øpb. 
Below 3 km, more of SO• appeared to be coming from sulfate 
for all values of 7Be and 2•øpb. The low SO2/SO• could be due in 
part to SO2 dry deposition to the ocean surface. However, Xiao et 
al. [this issue] have found that their transport model indicated sig- 
nificant conversion of SO2 on mineral aerosol in this part of the 
atmosphere. 
Figure 14. Relationships among SO2, SOx and 21øpb for 21øpb >10 
fCi/m3: (a) SO• versus 21øpb, (b) fraction of SO• as SO2 versus 
21øpb, (c) fraction of SO• as SO2 versus SO•, (d) SO2 versus 21øpb, 
and (e) sulfate versus 21øpb. 
THORNTON ET AL.: TRANSPORT OF SULFUR DIOXIDE FROM ASIA 28,499 
To further understand the relationship of SO2/SO xand 21øpb, the 
subset where 21øpb >10 fCi/m 3 was examined because these data 
were from altitudes <4 kin and were all from the subtropical and 
midlatitude regions where the 21øpb source strength should be 
greatest. This analysis showed that 21øpb increased with increasing 
SOx and SO2/SOx, but SO2/SO• also increased as SO• increased 
(Figure 14a, 14b, and 14c). The correlation of 2•øpb with SOx was 
more related to the SO2 component han to sulfate (Figure 14d and 
1 4e). This implies that 21øpb was not a very good tracer for sulfate 
aerosol in this data set. Dibb et al. [this issue] also found no rela- 
tionship for particulate nitrate with 21øpb for the near-Asia samples. 
Conclusions 
Transport of oxidized sulfur from eastern Asia has had a con- 
siderable impact on the western Pacific both near the continent and 
to the south and east for more than 1500 km. However, the oxidized 
sulfur was primarily below 4 km under the meteorological condi- 
tions encountered in the late winter. Often the oxidized sulfur was 
predominantly sulfur dioxide compared to aerosol sulfate. Near 
Asia, 21øpb was better correlated to SO2 than to aerosol sulfate. 
The subtropical and tropical regions surveyed from Guam were 
impacted by transport of anthropogenic trace gases from Asia, 
although the SO2 concentrations were near background levels. Both 
SO 2 and sulfate appeared to have been reduced by cloud processing 
but more so for aerosol sulfate based on the radionuclide tracers. 
Relative to the sparingly soluble combustion gases, such as acety- 
lene, sulfur dioxide and sulfate appeared to be rapidly removed 
from the atmosphere during transport. 
During PEM-West B the stratosphere was not a significant con- 
tributor of SO2 near Asia but appeared to be a contributor of sulfate 
at high altitude. Volcanic contributions of SO2 were localized but 
significant where they occurred. The primary impacts from volca- 
nos were in the equatorial region and south and east of Japan. 
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